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Skin sensory neurons have long been thought to undergo major changes in anatomy and physiology over the first few weeks of postnatal
life. Low-threshold mechanoreceptors (LTMRs) are believed to project extensively throughout superficial dorsal horn laminas initially
and provide the afferent limb for hyperactive nocifensive reflexes. However, our recent studies revealed that neonatal LTMRs do not
project into “pain-specific” regions; instead, they exhibit adult-like anatomy shortly after birth. We sought to determine whether the
same might be true for myelinated high-threshold mechanoreceptors (HTMRs). We used an intact, ex vivo somatosensory system
preparation from neonatal mice to allow intrasomal recording and neurobiotin labeling of individual sensory neurons characterized via
natural skin stimuli. Neonatal HTMRs displayed a number of key hallmarks of their adult counterparts; relative to LTMRs, they exhibited
broader, inflected somal spikes and higher mechanical thresholds and/or responded in an increasingly vigorous manner to incrementally
graded forces in a manner capable of encoding stimulus intensity. Two types were discerned on the basis of central anatomy: one subset
projected to superficial laminas (I/II); the other gave rise to diffuse, dorsally recurving collateral arbors extending throughout the entire
dorsal horn (I–V). The latter represent a novel cutaneous afferent morphology that persists in older animals. These studies reveal that
inputs from myelinated afferents to superficial pain-specific laminas in neonates arise from HTMRs and not LTMRs as commonly
thought. This frequently overlooked population is in a position, therefore, to contribute substantially to paradoxical nocifensive behav-
iors in neonates and various pain states in adults.
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Introduction
Skin sensory neurons display a striking diversity of physiolog-
ical and anatomic properties that are all tightly correlated with
function in adults (for review, see Scott, 1992). Among myelin-
ated afferents, for example, high-threshold mechanoreceptors
(HTMRs, or nociceptors) exhibit broad somal action potentials
with a characteristic inflection on the falling phase, in marked
contrast to the narrow, uninflected somal spikes of low-threshold
mechanoreceptors (LTMRs) (Rose et al., 1986; Koerber et al.,
1988; Djouhri et al., 1998). The central processes of HTMRs and
LTMRs also exhibit generally nonoverlapping terminations in
the dorsal horn (DH), with HTMRs projecting to both superficial
and deeper laminas (i.e., I/IIo and V), whereas LTMRs terminate
deep to superficial laminas (e.g., IIi–V) (for review, see Fyffe,
1992).

This tight correlation among anatomic and physiological
properties is thought to occur over a protracted postnatal period.
Thus, although all major functional classes of skin sensory neu-
rons seem to be present in newborns (Fitzgerald, 1987), charac-

teristic somal spike and peripheral response properties have been
suggested to mature later (Fulton, 1987; Fitzgerald and Fulton,
1992; Koltzenburg et al., 1997; Mirnics and Koerber, 1997; Ritter
et al., 2000). Likewise, a significant delay in the development of
central termination patterns among myelinated afferents has also
been suggested. For example, LTMRs are thought to project in-
appropriately into superficial “pain-specific” DH laminas during
the first few weeks of postnatal life (Fitzgerald et al., 1994; Cog-
geshall et al., 1996; Mirnics and Koerber, 1997) (but see Wood-
bury et al., 2000), thereby transiently serving as the afferent limb
of hypersensitive nocifensive reflexes (for review, see Fitzgerald
and Jennings, 1999).

Recent studies of individual, physiologically identified cuta-
neous afferents in newborn mice, however, reveal that this sce-
nario of delayed maturity does not apply to LTMRs. Indeed, neo-
natal LTMRs are essentially miniaturized versions of their adult
counterparts: they arborize in the same regions of the neonatal
DH as they do in adults, exhibit stereotypical (i.e., adult-like)
response properties, and display narrow, uninflected somal
spikes (Woodbury et al., 2001). Because the latter findings also
contradict the view that broad, inflected somal spikes represent
an immature archetype among skin sensory neurons, one that is
transcended postnatally only by LTMRs (for review, see Fitzger-
ald and Fulton, 1992; Koerber and Mendell, 1992), a key question
is whether broad, inflected somal spikes signify a nociceptive phe-
notype in neonates as in adults.

Unlike LTMRs, few studies have been conducted on the spinal
terminations of HTMRs (Light and Perl, 1979; Rethelyi et al.,
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1982), and currently nothing is known of their development.
Thus, the present studies examined the postnatal development of
incipient myelinated HTMRs using an ex vivo somatosensory
system preparation in mice, with spinal cord and skin in conti-
nuity, which allows combined analyses of somal spikes, periph-
eral response properties, and anatomy of individual afferents.
The present data show that myelinated HTMRs are well devel-
oped shortly after birth. Unlike LTMRs, they give rise to wide-
spread projections throughout superficial DH laminas and thus
probably serve as the myelinated afferent limb of nocifensive
behaviors.

Materials and Methods
The in vitro electrophysiological experiments described in the present
report were conducted on early postnatal mice (Swiss-Webster strain;
Hilltop Farms, Scottdale, PA) ranging in age from the day of birth [post-
natal day 0 (P0)] to P7; experiments were also conducted on mice older
than P7 for comparison. All procedures used in the present studies were
approved by the University of Pittsburgh Animal Care and Use
Committee.

Preparation and recording. The ex vivo cutaneous somatosensory sys-
tem preparation used in the present studies was detailed previously
(Woodbury et al., 2001). Briefly, neonates at P7 or younger were anes-
thetized with ice [mice older than P7 were anesthetized via intramuscular
injection of ketamine and xylazine (90 and 10 mg/kg, respectively)].
Anesthetized animals were quickly decapitated after transcardial perfu-
sion with oxygenated (95% O2–5% CO2) artificial CSF (aCSF) at 12–
15°C in which sodium chloride had been substituted with sucrose at
equivalent osmolarity (in mM: 253.9 sucrose, 1.9 KCl, 1.2 KH2PO4, 1.3
MgSO4, 2.4 CaCl2, 26.0 NaHCO3, and 10.0 D-glucose). The spinal cord,
thoracic and upper lumbar dorsal root ganglia (DRGs), dorsal cutaneous
nerves (DCNs), and dorsolateral trunk skin on one side were dissected in
continuity in a circulating bath of the same solution. Once isolated, this
ex vivo preparation was transferred to a separate recording chamber
through which chilled oxygenated aCSF, now replenished with sodium
chloride (in mM: 127.0 NaCl, 1.9 KCl, 1.2 KH2PO4, 1.3 MgSO4, 2.4 CaCl2,
26.0 NaHCO3, and 10.0 D-glucose), was circulated. The preparation was
pinned out with the epidermal surface of the skin facing upward, and the
recording bath was raised to 30 –31°C for electrophysiological recording.

Individual sensory neuron somata were impaled in the DRGs with
glass microelectrodes (�100 M�) containing 5–20% neurobiotin (Vec-
tor Laboratories, Burlingame, CA) in 1 M potassium acetate. Electrical
search stimuli were delivered through a suction electrode on the nerve to
locate afferents with a peripheral process in the DCNs. Peripheral recep-
tive fields (RFs) were located via gentle stimulation with a blunt glass
stylus, after which calibrated von Frey filaments were used to characterize
the mechanical threshold of the neuron and its response properties to
graded mechanical stimuli (these filaments provide a discontinuous se-
ries of increasing forces and may not reveal small differences in threshold
or sensitivity). Evoked activity was digitized on tape for subsequent off-
line analyses. After physiological characterization, the cell was stained by
injecting neurobiotin iontophoretically (one per DRG). Peripheral con-
duction velocity (CV) was calculated from spike latency and the distance
between stimulating and recording electrodes (measured directly along
the nerve).

Afferent identification. The primary goal of these studies was to exam-
ine myelinated afferents falling under the general definition of HTMRs,
i.e., myelinated afferents responding selectively to tissue-damaging stim-
ulus intensities and those providing an increasingly vigorous response to
increasing stimulus intensities and thereby capable of warning against
potential damage (Burgess and Perl, 1967). However, most afferents con-
duct �1 m/sec at these ages (Woodbury et al., 2001). Toward the first
goal, because of changing myelination state during the early postnatal
period (Ziskind-Conhaim, 1988) and observed variability in growth–
maturational rate between animals of similar age (a consequence of dif-
fering litter sizes), relative latency measures of individual DCN afferents
were made on a nerve-by-nerve basis. That is, to sample the broad spec-
trum of future myelinated afferents, all but the most slowly conducting

group of sensory neurons were targeted in any given nerve. The latter,
constituting the most frequently encountered afferents throughout these
experiments, consistently exhibited broad, inflected somal action poten-
tials and, for any given nerve, relatively uniform latencies. Their calcu-
lated CVs correlated with the slowest of multiple peaks seen in a number
of compound action potential recordings (data not shown). Far more
definitively, however, many were stained for independent verification of
their identity, and all exhibited highly stereotypical central terminations
indicative of afferents that will remain unmyelinated (i.e., future C-fiber
afferents) (Woodbury et al., 2001, their Fig. 7); hence, although the pos-
sibility remains that some of the most slowly conducting future myelin-
ated afferents were missed by this approach, it is highly probable, partic-
ularly in light of findings from central anatomy (see Results), that all
neurons included in the present study represent future (i.e., incipient)
myelinated afferents.

To achieve the second goal, because adult myelinated HTMRs span an
extremely broad spectrum of mechanical thresholds, CVs, adaptation
properties, and somal spike properties (Burgess and Perl, 1967; Koerber
et al., 1988), no single property in isolation (e.g., mechanical threshold)
can adequately diagnose these afferents in mature animals, much less
among neonates, in which the parameters of these various properties are
currently unknown. Therefore, the approach taken was to examine affer-
ents satisfying a combination of a number of different properties that
represent key hallmarks of adult myelinated HTMRs. Because neonatal
LTMRs and C-fiber afferents exhibit adult-like somal spikes (Woodbury
et al., 2001) and because of the possibility that mechanical thresholds of
HTMRs may be lower in neonates than adults (Ritter et al., 2000), the
primary focus was on incipient myelinated afferents exhibiting (1) in-
flected somal spikes, (2) slowly adapting (SA) response properties, (3)
elevated mechanical thresholds, and/or (4) an increasingly vigorous re-
sponse to increasing forces, as noted for adult HTMRs.

Tissue processing and analysis. Two to 6 hr after neurobiotin ionto-
phoresis, the spinal cord was immersion fixed [4% paraformaldehyde in
0.1 M phosphate buffer, pH 7.4 (PB), or 1% paraformaldehyde and 1%
glutaraldehyde in PB] overnight at 4°C. The cord was then blocked,
embedded in a 10% gelatin matrix, postfixed, and cryoprotected in 20%
sucrose overnight. Frozen transverse sections (40 –50 �m) were serially
collected in PB and reacted with standard ABC–DAB techniques (Elite
kit; Vector Laboratories) to visualize neurobiotin. Sections were rinsed,
mounted on slides, counterstained with neutral red, dehydrated, cleared,
and coverslipped with Permount (Fisher Scientific).

To be included in the present analyses, multiple darkly stained central
collaterals were required for each afferent. Labeled fibers were serially
reconstructed at 200 –1000� and drawn with the aid of a camera lucida.
Photomicrographs of individual arborizations were obtained using a
Dage (Dage-MTI, Michigan City, IN) 3CCD video camera with a CG-7
capture card (Scion, Frederick, MD). Image manipulation in Adobe Pho-
toshop (Adobe Systems, San Jose, CA) routinely included minor adjust-
ments of brightness and contrast to compensate for variable lighting at
the time of image capture. Moreover, because of the limited depth of field
at the higher magnifications needed to visualize the fine processes of
neonatal afferents, multiple images were captured at different focal
planes through individual sections and successively merged to generate a
manually “Z-projected,” in-focus stack as described previously (Wood-
bury et al., 2001). All photomicrographs in the present report, except that
in Figure 5, represent such composite photomicrographs.

Results
The present report is based on observations on the physiology
and central anatomy of 28 well labeled incipient myelinated skin
sensory neurons from neonatal mice aged P1–P7. These 28 affer-
ents represent a restricted subset of a much larger sample of well
stained and characterized afferents (81 cells from 54 preparations
aged P0 –P7) spanning a diverse spectrum of skin sensory neu-
rons from C-fibers with broad, inflected somal action potentials
to multiple subclasses of LTMRs with narrow, uninflected somal
spikes; some of these were documented in a previous report
(Woodbury et al., 2001). Importantly, all of the afferents in-
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cluded here displayed a diverse suite of key properties of adult
myelinated HTMRs, sharing with the latter notable similarities in
somal spike properties, mechanical thresholds, adaptation rate,
increased sensitivity to increasing forces, receptive field organi-
zation, and central anatomy (see below). Because LTMRs are
already well differentiated in terms of both physiology and anat-
omy at these same ages (Woodbury et al., 2001) (Table 1), the
most parsimonious hypothesis is that this collection of neonatal
afferents sharing multiple properties in common with adult my-
elinated nociceptors were indeed incipient myelinated HTMRs,
and they are referred to as such in the following treatment.

Myelinated HTMRs versus LTMRs in neonates
Table 1 presents physiological data for all well stained incipient
myelinated HTMRs from these studies for which spike data were
available; these are compared with similar data from LTMRs
across the same ages, some of which have been detailed previously
(Woodbury et al., 2001). All afferents identified as HTMRs in the
present study exhibited inflected somal spikes, and these were
significantly greater in amplitude and duration [both spike and
afterhyperpolarization (AHP) duration, measured at half-
amplitude] than the uninflected spikes of LTMRs across the same
ages ( p � 0.0001 for all three comparisons; Mann–Whitney U
test); indeed, there was no overlap in spike half-widths and only
minimal overlap in AHP half-width measurements between
these populations. In terms of peripheral physiology, all of these
HTMRs exhibited SA response properties, and all but a distinc-
tive subset (below) gave an increasingly vigorous response to
increasing stimulus intensities; in contrast, the maximal response
of LTMRs to higher forces could be reproduced with much lower
forces. Overall, the mechanical thresholds of these afferents were
significantly higher than those of LTMRs ( p � 0.0001; Mann–
Whitney U test). Importantly, the values in Table 1 are artifactu-
ally inflated, because the thresholds of the majority of neonatal
LTMRs (18 of 26) were below the limit of resolution (0.07 mN) of
von Frey filaments. Nevertheless, the remaining LTMRs exhib-
ited thresholds equal to or above the lowest value seen among
HTMRs (0.3 mN). Thus, mechanical threshold in isolation could
not reliably separate these neonatal populations a priori; somal
spike and physiological response properties were found to be far
more robust predictors of afferent modality.

Across this sample of neonatal HTMRs, there was consider-
able variation in conduction velocity, spike width, mechanical
threshold, and rate of adaptation to sustained stimuli, as has been
noted in adult HTMRs (Burgess and Perl, 1967; Koerber et al.,
1988). On the basis of central anatomy, two subpopulations
could be distinguished (Table 1), one projecting to laminas I and

IIo, the other arborizing throughout all DH laminas. In view of
this striking discontinuity, afferents were subdivided further on
morphological grounds to examine the range of physiological
diversity within these subpopulations.

Lamina I/IIo HTMRs
As seen in Figures 1 and 2, the central projections of this popula-
tion were centered primarily on the marginal zone. In all, 10 well
labeled examples of this class have been recovered from neonates
across ages P1 (n � 1), P2 (n � 1), P3 (n � 1), P4 (n � 2), P6 (n �
2), and P7 (n � 3); these were similar overall to another, albeit
less well labeled, afferent from a P3 neonate. Across incipient
myelinated afferents, their peripheral CVs were relatively slow
(Table 1; range, 0.43– 0.77 m/sec); among all afferents in any
given nerve, their latencies to electrical stimulation were gener-
ally intermediate overall, typically twice that of the fastest affer-
ents and at least one-half that of future unmyelinated afferents.
Unlike LTMRs across the same ages, all were characterized by
broad somal action potentials with an inflection on the falling
phase, representative examples of which are illustrated in Figures
1 and 2.

Peripheral physiology
RFs of these afferents were typically small (�1 mm 2) and spot-
like; occasionally, multiple sensitive foci separated by regions of
lower sensitivity could be discerned. Included in this population
were afferents exhibiting the highest mechanical thresholds seen
among neonatal afferents (Table 1; range, 0.3–7.8 mN), signifi-
cantly above those of different populations of LTMRs across the
same ages ( p � 0.001; Mann–Whitney U test).

Despite their generally elevated mechanical thresholds, these
afferents were very responsive to skin stimulation when first en-
countered. For example, gentle probing with a blunt glass stylus
was sufficient to locate the RFs of all but one afferent (Fig. 2B),
whose RF could not be found (see caveats by Woodbury et al.,
2001). Although SA responses could normally be elicited in these
afferents using suprathreshold von Frey filaments, the typical
response to the latter was a burst of spikes that tended to adapt
out fairly rapidly to maintained stimuli. Furthermore, maximal
responses were often obtained at relatively low von Frey forces
(Fig. 1), such that a number of these afferents failed to respond to
increasing stimulus intensities with incrementally graded activ-
ity. Rather, they tended to habituate and/or desensitize to repet-
itive stimulation, with some rendered completely inexcitable by
an intense stimulus. In a few cases, activity could again be elicited
by stimulation at a different spot. It should be noted that these
afferents invariably responded far more vigorously to a sharp

Table 1. Physiological properties of incipient myelinated cutaneous HTMRs in neonatal mice

HTMRs (Postnatal age, 4.2 � 1.6 d) LTMRs* (Postnatal age, 4.2 � 1.6 d)

All Lamina I/IIo Lamina I–V All RA SA

Mechanical threshold (mN) 2.1 � 2.0 (27) 3.2 � 2.6 (9) 1.5 � 1.4 (18) 0.5 � 1.2 (26) 0.6 � 1.3 (19) 0.2 � 0.4 (7)
median 2.45 2.45 0.87 0.07 0.07 0.07

Spike half-width (msec) 2.1 � 0.7 (26) 2.6 � 0.7 (8) 1.9 � 0.5 (18) 0.8 � 0.1 (18) 0.8 � 0.1 (12) 0.8 � 0.1 (6)
median 2.15 2.45 1.75 0.80 0.90 0.80

Spike amplitude (mV) 70.7 � 12.3 (26) 69.5 � 15.6 (8) 70.7 � 11.1 (18) 52.4 � 12.5 (18) 55.8 � 11.6 (12) 45.6 � 12.4 (6)
median 70.38 70.50 70.25 54.25 57.06 51.63

AHP half-width (msec) 8.0 � 4.0 (23) 9.7 � 2.8 (5) 7.5 � 4.2 (18) 3.3 � 1.1 (16) 3.7 � 1.0 (12) 2.1 � 0.4 (4)
median 7.00 9.30 6.40 3.35 3.80 2.15

Conduction velocity (m/sec) 0.6 � 0.1 (28) 0.6 � 0.1 (10) 0.6 � 0.1 (18) 0.8 � 0.2 (32) 0.8 � 0.2 (23) 0.8 � 0.2 (9)
median 0.57 0.53 0.61 0.73 0.71 0.81

Values presented are mean � SD. Numbers of afferents included in each measurement are provided in parentheses.

*LTMR data are from afferents in Woodbury et al. (2001) and our unpublished observations.
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object (e.g., number 5 forceps) than to
blunt von Frey filaments, although the
former were generally avoided in view of
the above physiological consequences and
lack of force control.

Interestingly, repetitive stimulation
gave rise to a pronounced, long-lasting
hyperpolarization in many of these affer-
ents. This is evident in both the fast and
slow sweep speeds in Figure 1. As seen
there, even relatively low-frequency (i.e.,
0.5 Hz) electrical nerve stimuli led to a
progressive hyperpolarization (Fig. 1, E),
although this membrane effect was greatest
when spikes followed in rapid succession
(e.g., during natural stimulation) (Fig. 1,
GS, vF). Although a similar membrane
effect was also seen in other HTMRs (see
Fig. 4), it was most pronounced in this sub-
population; its potential functional signifi-
cance and underlying cause(s) will be dis-
cussed elsewhere.

Central anatomy
As noted above, the central projections of
these afferents were centered primarily on
laminas I and IIo and thus closely approx-
imated the morphology of a distinctive
subset of adult thinly myelinated HTMRs
(Light and Perl, 1979). The range of cen-
tral anatomic variation seen among neo-
natal afferents of this type, the earliest
from a P1 neonate, is illustrated by the
examples shown in Figures 1 and 2. On
entry into the cord, their axons bifurcated
to give rise to ascending and descending
axons that could normally be traced over
multiple segments. A small number of
these afferents gave rise to axons ascend-
ing in the dorsal column (Fig. 2B); how-
ever, the majority remained lateral after
entry into the cord, ascending in the vicin-
ity of Lissauer’s tract or even farther later-
ally in the thin veil of white matter overly-
ing the dorsolateral edge of the DH.

Regardless of the location of their as-
cending– descending axons, all of these af-
ferents arborized in a relatively tight
plexus conforming to the outline of lam-
ina I. Altogether, they gave rise to ex-
tremely fine central processes that exhib-
ited a complex branching pattern in the cord. The greatest density
of collateral arbors was seen nearest the dorsal root entry zone,
and, as illustrated in Figure 1, this primary projection was located
in somatotopically appropriate locations across the mediolateral
axis of the DH. The RF of the afferent to the left in Figure 1 was
located near the dorsal midline, and its central arbors were lo-
cated at the lateral edge of the marginal zone; to reach this lateral
position, collaterals followed long curving arcs through the trans-
verse plane of lamina I in a manner mirroring the classic central
anatomy of these afferents (Light and Perl, 1979). In contrast, the
RF of the afferent to the right in Figure 1 was near the ventral edge

of the DCN innervation territory, and its projections were located
medially within the projection zone of the DCN. In large part,
therefore, this population of afferents exhibited a somatotopic
organization similar to that seen among LTMRs (Woodbury et
al., 2001). In contrast to the latter, however, the somatotopy in
the mediolateral axis among these afferents appeared relatively
coarse, because many gave rise to one or more collaterals that
arborized in a mediolateral location outside the primary projec-
tion (Fig. 2).

Although the bulk of the arborization was centered on lamina
I, all gave rise to a diffuse meshwork of processes deep to the
marginal layer, the extent of which varied not only between affer-

Figure 1. Central anatomy, physiology, and somatotopic organization of lamina I/IIo HTMRs in neonates. Photomicrographs of
serial sections through the central arbors of two different HTMRs from neonates aged P6 (left) and P3 (right). Note that, although
arborizations are centered primarily on lamina I, processes also extended into deeper laminas. Camera lucida reconstructions
(bottom) and RF locations (mouse pup schematic) illustrate that the projections of these afferents are somatotopically appropriate.
Physiological records (center, obtained from the afferent at left) illustrate the broad inflected somal action potential and evoked
activity to graded forces (durations indicated by solid bars). Note that the response adapted rapidly in many cases and became
saturated at relatively low stimulus intensities. Note also the pronounced activity-induced hyperpolarization. Bottom trace shows
the entire recording of this neuron, in which this hyperpolarization is readily apparent. E, Electrical nerve stimuli; GS, gentle probing
with blunt glass stylus; vF, testing with incrementally graded von Frey filaments. Thresholds and CVs, respectively, were 2.5 mN
and 0.56 m/sec (left) and 0.3 mN and 0.53 m/sec (right). Scale bars: photomicrographs, 25 �m ; camera lucida reconstructions, 100
�m. Calibration: 10 mV, 5 msec (spike), 200 msec (naturally evoked responses), and 20 sec (complete trace).
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ents but also between collaterals from a single afferent. All pro-
jected extensively into the outer half of the incipient substantia
gelatinosa (i.e., lamina IIo), in which they would clearly overlap
with unmyelinated inputs. The majority also gave rise to small
numbers of processes coursing throughout deeper regions of the
DH occupied by the collateral arbors of low-threshold afferents
(Figs. 1, 2). Hence, the central projections of myelinated HTMRs
invade regions occupied by both unmyelinated and tactile affer-
ents in early postnatal life; as seen below, this was also the case for
other myelinated afferents encoding stimulus intensity.

Lamina I–V HTMRs
Over the course of early experiments aimed at sampling the broad
spectrum of skin sensory neurons in neonates, incipient myelin-
ated HTMRs exhibiting a distinctly novel central morphology
were encountered, and later experiments attempted to target this
group selectively. In all, a total of 18 well labeled and character-
ized examples have been recovered from neonates across ages P2
(n � 1), P3 (n � 4), P4 (n � 9), P5 (n � 2), P6 (n � 1), and P7
(n � 1); these were similar anatomically to two additional well
stained afferents from a P3 and a P5 neonate for which RFs could
not be found.

Overall, this sample was characterized by a broad range of CVs
(0.35– 0.97 m/sec) (Table 1). Although only slightly above lamina
I/IIo HTMRs on average ( p � 0.2; Mann–Whitney U test), the
CVs of some overlapped with future large-diameter (A�) LTMRs
at these same ages (e.g., guard hair and touch dome afferents). As

with lamina I/IIo HTMRs, all exhibited relatively large-
amplitude (�50 mV), inflected somal spikes, although greater
variation in spike and AHP duration was seen in this group. A
small number exhibited broad spikes that were indistinguishable
from those of lamina I/IIo HTMRs. On average, however, these
spikes were significantly narrower (range, 1.1–3.0 msec) than
those of lamina I/IIo HTMRs (range, 2.1– 4.2 msec; p � 0.02;
Mann–Whitney U test) but were nevertheless significantly
broader than LTMRs at the same ages (Table 1) ( p � 0.001;
Mann–Whitney U test). In the narrowest spikes (also among the
fastest conducting), only a slight inflection could be discerned.
On close inspection, however, an inflection marked by an �45°
break in the derivative was apparent throughout. Importantly,
even the narrowest spikes among these did not overlap in spike
width with the broadest LTMR spikes; an example comparing the
two from the same animal is illustrated in Figure 5 (see also Fig.
6). Interestingly, nearly identical narrow spikes have been ob-
served in A� HTMRs from adult mice (data not shown), which
are clearly narrower than the spikes of A� HTMRs (Koerber et al.,
1988).

Peripheral physiology
As with spike duration, this group of afferents constituted
an intermediate population in terms of mechanical threshold.
Although all were equal to or above the minimum threshold
observed among lamina I/IIo HTMRs, thresholds tended to be
lower in this group (Table 1) (range, 0.3–5.6 mN; p � 0.09;
Mann–Whitney U test). Nevertheless, thresholds were signifi-
cantly higher overall than those of LTMRs across these same ages
(Table 1) ( p � 0.001; Mann–Whitney U test).

Unlike many lamina I/IIo HTMRs (above), all of these affer-
ents responded with increasing discharge to increasing forces.
However, there were notable differences in sensitivity within this
group, and two basic types of response were observed overall, as
illustrated in Figures 3 and 4. Many gave rise to a sluggish, fairly
rapidly adapting (RA) response typical of lamina I/IIo HTMRs
(Fig. 3). In contrast, others were relatively sensitive and more
slowly adapting (Fig. 4). Interestingly, a few among these re-
sponded phasically to stimulation over a large (�2 mm 2), ill-
defined area. However, careful probing revealed a much smaller
region of heightened sensitivity in which suprathreshold stimuli
elicited a fairly regular response that became increasingly vigor-
ous at higher forces (Fig. 4). The relatively low thresholds and
increasingly vigorous responses at higher forces imparted a wide
dynamic range to many of these afferents. None exhibited resting
background activity despite the skin being stretched slightly and
pinned flat, and none specifically tested gave any response to
dorsoventral or rostrocaudal skin stretch. As with lamina I/IIo
HTMRs, multiple spots of heightened sensitivity could be
discerned on occasion within the RFs of these more sensitive
HTMRs. Interestingly, similar RF properties, including some
with an ill-defined RA “surround,” have been seen among A�
HTMRs recorded in an identical adult preparation (data not
shown). These more sensitive afferents may correspond to the
generally overlooked “moderate pressure” receptors identified in
seminal studies of myelinated nociceptors (Burgess and Perl,
1967; Perl, 1968), many of which conduct in the A� range (Bur-
gess and Perl, 1967; Koerber et al., 1988).

Central anatomy
In contrast to the majority of lamina I/IIo HTMRs whose longi-
tudinal axons remained laterally (above), the central axons from
all of these afferents ascended and descended in the dorsal col-

Figure 2. Diversity of central collateral morphology among lamina I/IIo HTMRs. Camera
lucida reconstructions of the collateral arbors from HTMRs in neonates aged P1 ( A) and P2 ( B).
Note that, although these collaterals were oriented primarily in the horizontal plane parallel to
the marginal zone, they also extend to variable depths into deeper laminas. The central axons of
most lamina I/IIo HTMRs remained laterally as in A, although some coursed in the dorsal column
as shown in B. Spike traces and derivatives reveal the broad inflected somal action potentials
typical for these afferents. Naturally evoked SA response to a sustained stimulus (2.5 mN,
duration indicated by the solid bar). CVs were 0.43 m/sec ( A) and 0.40 m/sec ( B). Threshold for
A was 0.7 mN; RF for B could not be located, although another lamina I/IIo HTMR with identical
morphology and somal spike had a threshold of 2.5 mN and response properties similar to those
in A. Scale bars, 100 �m. Calibration: 20 mV, 5 msec (spike), 250 msec (naturally evoked
response).
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umn. As exemplified in Figures 3 and 4, considerable diversity in
collateral morphology was seen among this group. Collateral
processes ranged in size from extremely fine to relatively coarse.
Collaterals curved laterally after penetrating the gray matter to
arborize within somatotopically appropriate areas; many were
reminiscent of the dorsally recurving “flame-shaped” arbors of-

ten identified with hair follicle afferents (compare Figs. 3, 5). In
marked contrast to LTMRs, however, the arbors of this group
extended throughout both deep and superficial DH regions, in-
cluding the outer substantia gelatinosa and marginal zone. Al-
though a small number of these afferents gave rise to relatively
minor projections to lamina I, most gave rise to large numbers of
processes in this outer later. On reaching the latter, processes
typically altered their trajectory to continue horizontally along
either transverse or rostrocaudal axes while arborizing further
(Fig. 4). Moreover, they formed a characteristically diffuse, retic-
ular meshwork of processes extending evenly throughout all lam-
inas. Most were relatively expansive across the mediolateral axis;
in one, a single collateral branched repeatedly across deeper DH
to give rise to three or four mediolaterally separate flame-shaped
arbors, as noted in Golgi studies (Scheibel and Scheibel, 1968).
Extremely fine en passant varicosities were scattered along pro-
cesses as they passed throughout all laminas. The characteristi-
cally diffuse nature of these arbors, in contrast to a typical LTMR
arbor, is exemplified in Figure 5.

Despite the morphological diversity among these arbors, no
consistent physiological correlates could be detected. Thus, affer-
ents exhibiting broad spikes and a sluggish, fairly rapidly adapt-
ing response in the manner of lamina I/IIo HTMRs could be
either flame-shaped with relatively minor projections into lam-
ina I or far more mediolaterally expansive with large numbers of
processes in lamina I. Similar diversity was also evident across the
more sensitive, slowly adapting group. Indeed, the collaterals of
some afferents displayed both extremes, and thus this apparent
diversity may represent a morphological continuum.

Postnatal fate
In light of the results of cholera toxin bulk-transport studies
(Fitzgerald et al., 1994), it might be predicted that these distinc-
tive myelinated HTMR arborizations throughout the entire DH
represent a transient developmental phenotype, particularly be-
cause adult bulk-labeling patterns showing a lack of myelinated
inputs in superficial pain-specific dorsal horn laminas (I/IIo) are
achieved by the end of the second postnatal week (but see Wood-
bury et al., 2000). As seen in Figure 6, however, preliminary stud-
ies reveal that the arbors of these afferents are still present in
superficial DH laminas at 3 weeks of age. This afferent displayed
no obvious signs of regression (e.g., retraction bulbs) and indeed
supported multiple collaterals with robust arbors similar to the
two different ones represented in Figure 6, A and B. This raises the
intriguing possibility that these extensive projections remain into
adulthood, although they may not be obvious in bulk-labeling
studies.

Figure 6C–F also reveals that the narrow somal spikes of these
sensitive HTMRs seem to show little change in width postnatally.
In Figure 6E, this somal spike from a 3-week-old mouse is shown
superimposed on the spikes from two other HTMRs with essen-
tially identical peripheral response properties and mechanical
thresholds, one recorded from a P2 neonate and the other at P8.
Importantly, these two neonatal spikes were the narrowest
among the entire sample of neonatal HTMRs yet are essentially
identical to the spike from this 3-week-old mouse. Conversely,
even after 3 weeks, this narrow HTMR spike is still broader than
that from a P1 LTMR (Fig. 6F). Although certain alterations in
somal spike properties are likely to occur postnatally (Fitzgerald
and Fulton, 1992), the present findings suggest that, to under-
stand these changes fully, it will be important to confine compar-
isons within discrete subsets of identified afferents.

Figure 3. Serial photomicrographs of a collateral arborization from a lamina I–V HTMR from
a P5 neonate. Note the dorsally recurving flame-shaped appearance of this arbor, which ex-
tended diffusely throughout all laminas into the marginal zone. Although the spike was nar-
rower than those of lamina I/IIo HTMRs (compare Figs. 1, 2), the peripheral response properties
of this afferent were nearly indistinguishable, with the exception that these afferents were
better able to encode stimulus intensity. Threshold and CV were 0.3 mN and 0.46 m/sec, respec-
tively. Scale bar, 50 �m. Calibration: 20 mV, 5 msec (spike), 200 msec (evoked response raster).
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Discussion
The present report describes the central morphology of single,
physiologically characterized, incipient myelinated HTMRs in
neonatal mice. As with recent studies on neonatal LTMRs
(Woodbury et al., 2001), these studies used an intact, ex vivo
somatosensory system preparation to allow intrasomal physio-
logical characterization and staining of individual cutaneous af-
ferents. The resulting suite of diverse physiological and anatomic
data allowed a comprehensive, “total-evidence” approach to the
identification and analyses of individual developing neurons.
Relative to LTMRs at these same ages, the afferents included here
exhibited higher mechanical thresholds and responded to incre-
mentally graded forces with an increasingly vigorous, slowly
adapting discharge. They also exhibited relatively broad somal
spikes with an inflection on the falling phase. These data, taken in
combination, suggest that these afferents were indeed developing
HTMRs. As in adults, these neonatal HTMRs exhibited con-
siderable diversity across a variety of physiological parame-
ters. Anatomically, two central phenotypes were evident, both
of which projected into the substantia gelatinosa and marginal
layer, in which they would overlap extensively with unmyeli-
nated afferent inputs. In nearly all respects, these afferents,

like neonatal LTMRs, were simply min-
iaturized versions of their adult coun-
terparts. These findings shed new light
on wide-ranging issues, from the acqui-
sition of physiological identity to the de-
velopment and functional organization
of spinal pain centers.

Adult-like physiological properties
among sensory neurons in early
postnatal life

Somal spike shape
The present studies of myelinated
HTMRs in neonatal mice, in conjunction
with findings from diverse subpopula-
tions of LTMRs over the same time period
(Woodbury et al., 2001), represent the
earliest intracellular recordings to date of
somal action potentials from identified
cutaneous primary afferents. Combined,
these studies reveal that somal spikes are
adult-like in all major respects shortly af-
ter birth (in contrast to Fulton, 1987;
Fitzgerald and Fulton, 1992). That is, my-
elinated LTMRs exhibit narrow, unin-
flected somal spikes, myelinated HTMRs
exhibit inflected spikes ranging from
broad to relatively narrow, and unmyeli-
nated (C) afferents exhibit broad, in-
flected somal spikes in newborns as in
adults (Rose et al., 1986; Koerber et al.,
1988; Ritter and Mendell, 1992; Djouhri et
al., 1998).

The developmental time point at
which these stereotypical somal spike
properties are acquired is not known, al-
though there is evidence to suggest that it
occurs very early in embryonic life. In em-
bryonic rat DRG neurons, for example,
narrow (i.e., adult-like) uninflected spikes
(Mirnics and Koerber, 1997) and adult-

like expression patterns of TTX-sensitive and TTX-insensitive
sodium currents (Ogata and Tatebayashi, 1992) are already in
place by embryonic day 17 (the earliest time point studied).
Moreover, in Xenopus tadpoles, in which the earliest in situ re-
cordings from DRG neurons have been obtained, a remarkable
diversity of somal action potentials, including large numbers of
narrow uninflected TTX-sensitive spikes, is in evidence from the
earliest time point onward (Baccaglini, 1978). The intriguing
possibility that primary afferent physiology may be predeter-
mined seems to have a molecular parallel (Rifkin et al., 2000) and
clearly warrants additional investigation.

Primary afferent diversity
Along with adult-like somal spikes, these studies found that the
skin of newborn mice is innervated by a diverse functional array
of myelinated afferents, including multiple subclasses of LTMRs
(Woodbury et al., 2001) and HTMRs (present study) that are in
all major physiological respects identical to their adult counter-
parts. This finding is in accord, therefore, with the pioneering
studies of Fitzgerald (1987) in neonatal rat and stands in contrast
to an early report from the present laboratory (Ritter et al., 2000)
in which a significant selection bias against LTMRs (Djouhri and

Figure 4. Central projections of a lamina I–V HTMR from a P6 neonate. Photomicrographs show serial sections through the
arbors of three separate collaterals (rostrocaudal from top left to bottom right). Note the diffuse network of processes throughout
the entire DH, exemplified in camera lucida reconstruction (center). Note also that the narrow, slightly inflected somal spike was
nearly identical to that of the afferent shown in Figure 3. Evoked activity traces (bottom) show that the fairly regular response of
these afferents to incrementally graded forces became increasingly vigorous at higher forces. Threshold and CV were 2.5 mN and
0.66 m/sec. Scale bars: photomicrographs, 50 �m; camera lucida, 100 �m. Calibration: 10 mV, 5 msec (spike), 200 msec (naturally
evoked responses).
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Lawson, 2001; Woodbury et al., 2001) was compounded by the
small sample size. Interestingly, most anatomically verified
HTMRs in the present study were overtly similar in mechani-
cal thresholds and response properties to units that composed
a transient “pressure” category in earlier extracellular studies
(Fitzgerald, 1987). For example, the physiological properties
ascribed to “RA pressure” units were commonly observed
among lamina I/IIo HTMRs, whereas those ascribed to “SA
pressure” units were common among lamina I–V HTMRs
(HTMRs in this earlier study, in contrast, may have repre-
sented predominantly unmyelinated HTMRs) (Fitzgerald,
1987, her Fig. 1). It is noteworthy, however, that considerable
physiological overlap was seen between these two anatomic
subpopulations. For example, many lamina I–V HTMRs dis-
played somal spikes and peripheral response properties that
were outwardly identical to those seen among lamina I/IIo
HTMRs; hence, these two populations could not be reliably
differentiated a priori with the manual techniques used. It is
possible that distinct physiological differences may be revealed
between these neonatal populations through the application
of true (i.e., feedback-controlled) constant-force stimuli. Al-

ternatively, physiological differences may emerge at later time
points, possibly via a shift toward higher mechanical thresh-
olds among certain subsets. Although the range of mechanical
thresholds across these neonatal HTMRs was remarkably sim-
ilar to that observed to date across HTMRs (both A� and A�)
in an identical adult preparation (data not shown), not all of
the latter have been identified centrally; thus, future compar-
isons confined within anatomically defined subpopulations
will be necessary to elucidate the ontogeny of mechanical
thresholds among HTMRs.

Figure 5. Differences between LTMRs and lamina I–V HTMRs in neonates. A, Photomicro-
graph of the DH arborizations of a hair follicle afferent (open arrows) and a myelinated HTMR
(arrowheads) in a single section from a P5 neonate. Afferents were injected in adjacent DRGs
and fully reconstructed to identify their central processes in regions of overlap; the location of
the RF of the more laterally projecting LTMR was dorsal to that of the HTMR. Note the dense
arborization of the LTMR and its depth from the gray–white border (dotted line) as noted
previously (Woodbury et al., 2001). In contrast, the central arbors of the HTMR spread diffusely
over a broader area throughout the entire DH; its recurving collateral axons (asterisk) can be
seen paralleling the larger axon of the LTMR. B, Somal action potential traces and derivatives
from these same afferents. Note that, relative to the somal spike of the LTMR (left), the HTMR
spike has a distinct inflection on the falling limb (arrow in derivative trace); it is also greater in
amplitude and duration, readily apparent when these spikes are superimposed (right). Mechan-
ical thresholds were �0.07 and 2.5 mN for the LTMR and HTMR, respectively; the LTMR was
typically rapidly adapting, whereas the HTMR gave a slowly adapting response to forces �5
mN. DR, Dorsal root. Scale bar, 50 �m. Calibration: 20 mV, 5 msec.

Figure 6. Central projections of a lamina I–V HTMR from a 3-week-old mouse. A, Photomi-
crograph of the arborization in a single section; dotted lines indicate boundaries of laminas I/II.
B, Camera lucida reconstruction of a different collateral arbor. C, Narrow, slightly inflected spike
of this afferent, shown at expanded scale in D; arrows mark the break in the derivative. E, The
spike from this P21 afferent is shown superimposed on spikes from two other sensitive lamina
I–V HTMRs, recorded in P2 and P8 neonates; note the close match in spike and AHP width. F, This
same P21 spike is shown superimposed on the even narrower spike of an LTMR recorded in a P1
neonate. Scale bar, 50 �m. Calibration: 20 mV, 5 msec (except D, which is 2.5 msec).
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Myelinated HTMRs project throughout the
substantia gelatinosa
The present finding of two basic morphological phenotypes
among cutaneous myelinated HTMRs in neonatal mice confirms
initial studies of the spinal projections of these afferents in adult
cats and primates (Light and Perl, 1979; Rethelyi et al., 1982;
Traub and Mendell, 1988). One neonatal population, exhibiting
the highest mechanical thresholds, mirrored the central mor-
phology of a distinctive subset of adult thinly myelinated (A�)
HTMRs that contribute to Lissaur’s tract and terminate in the
marginal zone, noted in studies of both cutaneous (Light and
Perl, 1979; Hayashi, 1985) and deep tissue nociceptors (Hoheisel
et al., 1989). These may correspond to the “specific nociceptors”
identified in early studies (Burgess and Perl, 1967; Perl, 1968).
However, in addition to a predominant projection to lamina I
and additional inputs to IIo as noted in adults, these neonatal
lamina I/IIo HTMRs also sent sparse projections into deeper lam-
inas. The other population differed dramatically from this classic
phenotype, with axons in the dorsal columns and recurrent, often
flame-shaped collateral arbors forming a diffuse, reticular mesh-
work throughout all DH laminas. This latter population was
physiologically diverse and may therefore encompass the two
other subcategories of HTMRs identified originally (low-
sensitivity mechanoreceptors and moderate-pressure afferents)
(Burgess and Perl, 1967; Perl, 1968).

The extent to which these widespread central projections from
neonatal HTMRs represent a transitory “exuberance” is not clear
at present. Part of this uncertainty stems from possible species
variability. For example, HTMRs are more extensive centrally in
monkeys than in cats, projecting throughout lamina IV as well as
laminas I and V (Rethelyi et al., 1982). That the full spectrum of
anatomic diversity among HTMRs is not yet adequately under-
stood is also reflected in the fact that cutaneous moderate-
pressure units (Burgess and Perl, 1967) have not yet been char-
acterized centrally in adults. Nevertheless, preliminary findings
that these extensive projections still remain in 3-week-old mice
(Fig. 6), at a time when bulk-transport studies indicate otherwise
(Fitzgerald et al., 1994; Woodbury et al., 2000), suggest that such
inputs from myelinated afferents to the substantia gelatinosa may
remain throughout life. Their characteristically diffuse nature,
particularly when contrasted against the dense arbors of LTMRs
(Fig. 5), may account for the apparent inability of bulk-labeling
methods to reveal these inputs in adults under normal conditions
(Woolf et al., 1992) (but see Tong et al., 1999; Woodbury et al.,
2000 for nonrodents). It is important to note that, although this
unique fibroarchitecture may persist, reorganization of myelin-
ated inputs in the substantia gelatinosa appears to continue well
beyond 3 weeks of age (Park et al., 1999; Nakatsuka et al., 2000),
and thus the synaptic efficacy and/or connectivity of these inputs
may be quite plastic.

Neonatal pain
These findings, in conjunction with recent studies of neonatal
LTMRs (Woodbury et al., 2001), shed important new light on the
development of spinal pathways underlying nocifensive behav-
iors. They reveal that inputs into nocireceptive DH regions from
myelinated afferents in neonates arise from afferents that encode
stimulus intensity (i.e., nociceptors) and not LTMRs. It is well
documented that protective withdrawal reflexes exhibit marked
hypersensitivity in neonatal mammals (for review, see Fitzgerald
and Jennings, 1999), with adult-like withdrawal reflex patterns
attained at �3 weeks of age (Holmberg and Schouenborg, 1996).
Interestingly, activation of these reflexes in adults requires stim-

ulation of SA (but not RA) afferents, and removal of descending
inhibition reveals that their thresholds are relatively low (Weng
and Schouenborg, 1998). In view of their peripheral physiology
and central anatomy, HTMRs are not only in a position to play a
prominent role in the afferent limb of these reflexes during nor-
mal postnatal development but also represent intuitive candi-
dates from a functional perspective. The postnatal decrease in
hypersensitivity may reflect predominantly functional matura-
tion of descending inhibitory inputs (Fitzgerald and Koltzen-
burg, 1986), although possible alterations in the peripheral sen-
sitivity and/or synaptic efficacy of one or more subsets of
myelinated HTMRs may also play a role.
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